Abstract: Most previous coal mine drainage leaching studies have not investigated the effect of surface area, effects of elevated Pco 2 , which are typical of mine spoil, and solubility constraints on water chemistry. The leaching column and humidity cell tests were designed to evaluate the importance of these parameters. Surface area was examined on three rock types before and after leaching: the Brush Creek shale; a well-indurated calcareous sandstone; and a coal refuse. The surface area, as measured by BET, for the shale was an order of magnitude greater than the other rock types. Surface area after leaching decreased slightly for the shale, and by half for the refuse. The sandstone area remained the same. Plots of sulfate concentration through time closely resemble those expected for diffusioncontrolled kinetics. Plots of alkalinity through time are characteristic of a material that dissolves quickly at first and then approaches or reaches saturation. Saturation with respect to calcite was confirmed by equilibrium calculations. The water in the leaching columns was undersaturated with respect to gypsum, indicating that sulfate was a conservative parameter and could be used to measure pyrite oxidation rates. The target 10% CO 2 was achieved in the column tests, but not achieved in the humidity cell tests. At the end of 12 to 14 weeks, between 1.5 and 2% of the calcite and between 4 and 6% of the sulfur in the rock had been removed by weathering. Predictions, based on power function equations, indicate that the Brush Creek shale sample would remain alkaline even if weathered for years. Comparisons between leaching chemistry and field data for the Brush Creek shale and the coal refuse sample showed similar water chemistry.
Introduction
In the comprehensive literature review completed by Hornberger and Brady (1998) , the authors detailed in excess of 90 leaching protocols that had been developed over the years. Most were developed to identify the potential for overburden rock units to produce acid mine drainage and to scale the magnitude of the potential effects. This study examines several aspects of leaching that have not been adequately addressed in the mine drainage literature. Areas addressed in this study include surface area effects, the effects of CO 2 on carbonate weathering, and solubility controls on leaching concentrations. Particle size was controlled in this study by using a preset proportion of sieve sizes, as described in Part 1 of this report (Hornberger et al., 2004) . Surface area was determined using the Brunauer, Emmet and Teller (BET) method described below. The data for the study described below are based on column and humidity cell experiments as described in Part 1.
Studies show that carbon dioxide levels in mine spoil are frequently orders of magnitude greater than under atmospheric conditions (Cravotta et al., 1994; Lusardi and Erickson, 1985) .
Calcite is more soluble at high Pco 2 than under atmospheric conditions (White, 1988) . Thus, the leaching procedure was designed to simulate mine spoil pore gas composition by using an elevated Pco 2 . Calcite saturation limits the concentration of calcite products that can be dissolved in a solution. All other things being equal, the higher the Pco 2 , the more calcite can be dissolved and the greater the concentration of calcite dissolution products in solution.
Pyrite oxidation is related to oxygen availability, which throughout the tests was more than adequate to allow oxidation. Pyrite oxidation is much less limited by solubility constraints than is calcite. With the addition of 10% CO 2 to atmospheric air, the oxygen concentration would be ~18.8% and well above levels needed for pyrite oxidation (Hammack and Watzlaf, 1990) .
Gypsum solubility was determined in this study because of the Brush Creek Shale's relative abundance of Ca and potential for producing SO 4 . If gypsum was over-saturated it could limit the amount of sulfate in solution, by allowing gypsum precipitation, and affect the calculations of pyrite oxidation rates. Knowing that sulfur in solution behaved conservatively allowed its use as a measure of pyrite oxidation rates.
Concerns with Surface Area
One of the shortcomings of previous leaching studies has been not considering the effects of surface area and particle size. This factor was extensively studied in the decade from the mid-1970's through the mid-1980's by scientists who were investigating the stability of materials used for the sequestration of nuclear waste (e.g. Ethridge et al., 1979; Hench et al., 1980; Buckwalter et al., 1982; Oversby, 1982; Pederson et al., 1982; ) . It was recognized by this group of researchers that the particle size of the leached materials and the volume of fluid that was available for the leaching process had a significant impact on the experimental results. Fig. 1 demonstrates this dependence. Shown is the release of silica from a nuclear waste form as a function of time with specific control of the surface area to volume ratio.
What is important in this figure is that by specifically including the surface area/volume parameter, leaching rates varying over 3 orders of magnitude can be scaled onto the same plot.
Surface area must also be taken into account in coal overburden leaching experiments.
Otherwise the cross-laboratory experiments, although individually correct, cannot be compared, cannot be compared with other results in the literature, and cannot be used to extract quantitative rate constants. The observed leach rates would be an accurate result of the individual experiment, but meaningless as a fundamental property of the material itself.
In most of the protocols detailed in Hornberger and Brady (1998) , a prescription is presented on the geometry, frequency of sample collection, and amount of material to be leached, but no detailed accounting was made of these parameters nor were the data utilized in any analytical sense. By contrast, leach protocols outlined in this paper established a procedure under which the crushed rock or coal refuse to be leached was sieved, and the contents of the columns constructed from specified sieve fractions to yield a common particle size distribution across laboratories. Further, the surface area of the rock was determined both before and after the leaching cycle was completed. With these data, an effective area of materials that were leached could be calculated for each column removing the necessity that each laboratory identically pack each column, a nearly impossible requirement for any protocol. For this study, the surface area of each fraction of sieved starting material was determined by BET (Brunauer et al., 1938; Yates, 1992) instrumentation using N 2 gas bulk adsorption. This method is a routine analytical approach to measure the accessible surface of the rock to gas molecules. In the analytical procedure the rock specimen is heated to degas the surface in a heated vacuum cell. This step is followed by the introduction of gas back into the cell. The final step is to drive off the newly adsorbed gas and measure the quantity released.
Knowing the volume of the gas and the molecular diameter of the particular gas, an accurate surface area can be calculated. Gases other than N 2 can be used but they would possess a different molecular size and thus a different quantity of gas would be needed to cover the same surface area. Therefore, it becomes necessary to specify the gas used in the measurement.
Additional discussion of surface area measurements and their relationships to porosity and reaction kinetics is are given by Brantley and Mellott (2002) .
Surface areas were measured on the starting material sieve fractions and at the completion of the testing, the resultant rock was again sieved and remeasured. The bulk surface areas for each column were determined for the post-leaching rock by taking the individual masses of the sieve fractions specified in the protocol above, multiplying each mass by the surface area (SA), and combining their fractional percent of the total as a weighted linear average. A x SA sieve 1 + B x SA sieve 2 + C x SA sieve 3 = SA bulk (1)
Where: A + B + C = 1 A = fraction of total sieve 1 size B = fraction of total sieve 2 size C = fraction of total sieve 3 size Table 3 in the companion paper (Part 1). The BET measurements of surface area for the shale are an order of magnitude greater than the sandstone and coal refuse surface areas for most size classes (except the 0.149 mm coal refuse pre-weathering). This is probably due to much greater intrinsic porosity in the shale laminae. The sandstone sample was from a very hard and well-cemented lithologic unit, thus there was little difference in the particle size distributions or surface area measurements after weathering. The coal refuse sample showed the greatest change in effective surface area of all samples tested at Lab P in the 2002 and 2003 weathering tests (Table 2 ). This change is largely due to the reduction in surface area of the two finest size classes (Table 1) . Two factors that probably contributed to this reduction are (a) loss of fines during weekly sample collection and (b) weathering of fine-grained pyrite in these size classes. 
where:
SA/V = surface area to volume ratio (meters The significance of the surface area to volume ratio in leaching processes is described in Machiels and Pescatore (1983) , Pederson et al. (1983) , White (1986) and Scheetz et al. (1981) .
Leaching Rates and Mechanisms
The theoretical behavior of mineral dissolution and leaching processes is shown in Fig. 2 , and described by White (1986) , Scheetz et al. (1981) , Pedersen et al. (1983) , White (1988) , and Langmuir (1997) . The series of schematic drawings in Fig. 2 are concentration-time relationships for several rate-controlling mechanisms presented by White (1986) . Fig. 2a is the schematic dissolution curve for a material (e.g. calcareous shale) that can saturate an aqueous solution, where the dashed line represents the initial slope that would be the observed rate in an experiment providing constantly fresh solvent (e.g. the DI water influent to leaching columns in repeated leaching cycles). Fig. 2b exhibits the parabolic rate law for diffusion-controlled kinetics, while Fig. 2c depicts the linear rate law characteristic of a surface-reaction controlled kinetics truncated by the onset of precipitation. White (1986) states that dissolution "…. may take place by a surface-reaction control mechanism with some contribution from a diffusion control mechanism, the first leading to a linear time dependence and the latter to a parabolic time dependence." (p.435). Fig. 2d is the composite curve including overshoot due to supersaturation, the typical case in weathering of pyrite and silicates, followed by a flattening of the slope of the line with increasing time. with 1-hour saturation of the sample and water initially saturated with CO 2 . All tests were performed on 2-inch columns. Lab P used method (a) only, but the column sizes varied as indicated in Fig. 3 . A plot of concentration as a function of the square-root of time could also be used to evaluate the quality of the sample being tested.
Sulfate concentrations from the three diameters of leaching columns at Lab P are plotted in Table 1 of the companion paper). The decrease in NP may be due to accumulation of acid salts that neutralized some of the alkalinity produced by the carbonates.
The data for Labs M and P (Fig. 3) show an initial increase in sulfate concentration followed by a decline, with an eventual leveling out of concentration at about 10 weeks. Lab G had a more or less steady output of sulfate. The week-to-week variability at Lab G is also greater than that at the other two labs. The material was more tightly packed in the columns at Lab G than at the other labs. The initial high concentrations at Labs M and P are probably a combination of initial flushing of pyrite oxidation products (despite the efforts at week 0 to flush these products), and higher initial oxidation rates due to greater exposure of pyrite. The lack of similar behavior at Lab G may be related to the greater packing of the material. The wider variation at Lab G probably indicates less precise control of the gas mixture. The widest fluctuations occur in the Lab G humidity cells, followed by the CO 2 saturated water columns. Lab P, which evaluated different diameter columns, had similar alkalinities in the three columns. Fig. 5 
Data Processing
Analyses of column effluent produced a very large database concerning many dissolved species and the entire suite of rock types. For purposes of demonstrating the degree to which quantitative rate information can be extracted from the column leach tests, we consider only one rock type, the Brush Creek Shale, and evaluate one dissolved species, sulfur. In other sections of this paper calcite dissolution is also examined. The sulfur in the original rock is shown by the chemical analysis in Table 1 of the companion paper. However, the mineralogical distribution of sulfur is unknown. Prior to the study, the mineralogy of the rock was determined using X-ray diffraction (XRD). Pyrite was present in "trace" (<3%) amounts (Robert Smith, PA Geological Survey, personal communication, 1998) , which is consistent with what would be expected with a percent sulfur of 0.9%. Since an unknown amount of rock weathering had taken place in the test samples between the time of collection and the time of the leaching tests, some pyrite had oxidized and probably formed gypsum or other sulfate minerals.
Using the analytical determination of sulfur in the rock analysis and the total mass of rock placed in the columns, it was possible to compute the total sulfur loading (i.e., mass of sulfur, measured in grams) in the column. The leach solutions were analyzed for sulfate ion, assumed to be the only sulfur-bearing species in solution. Using the volume of water extracted from the columns, it was then possible to calculate the percentage of the initial sulfur loading that had been extracted. Because fresh solutions were used each week, it was necessary to accumulate the percentage of sulfur leached over the weeks of the experiments. The quantity plotted is the total sulfur extracted, expressed as a percentage of the original sulfur loading in the rock. Even at the end of the experiments, only a few percent of the original sulfur had been extracted.
Examination of the data for cumulative sulfur extraction for all columns and all laboratories by a variety of fitting functions showed that log-log (power function) plots with coefficients ranging from 0.42 to 0.499 gave statistically satisfactory fits. These numbers suggest that the theoretical coefficient might be 0.5. Fig. 5 shows a series of plots of the cumulative extracted sulfur as a function of the square root of time. The observed linear fit to the data means that the sulfur fraction, N S , extracted from the columns can be described by an equation of the form
In this equation, K is an empirical rate constant and F is a constant that takes account of the observation that the extracted sulfur does not become zero at time equals zero. The F-term is thus a measure of the "first flush" described above. Values for the coefficients K and F are listed in Table 3 . The square root of time dependence in a rate equation usually implies a diffusion controlled mechanism. In the present experiments the oxidation of sulfides at the mineral/water interface, the effect of different particle sizes and surface reactivities, and the transport of dissolved species from the mineral surfaces to the bulk fluid are combined into a single empirical rate expression. This result suggests that chemical reactions at the surfaces of the grains are fast compared to the movement of dissolved species through the pore spaces between the grains.
Comparison of Cumulative Leaching Rates for Sulfur and Calcite
The following interpretations will deal only with the shale samples. As mentioned earlier, labs M and G analyzed shale in three different ways, (a) columns with CO 2 enriched air bubbled through the water during the period of saturation, (b) humidity cells (columns saturated for only one hour), and (c) columns that were saturated with water that was saturated with CO 2 . The cumulative percentage of total sulfur and calcium carbonate depleted per week is plotted in Fig. 6 . Power functions were fitted to these data, and they produced higher coefficient of determination (R²) values than exponential or linear functions.
The total amount of CaCO 3 in the columns was determined based on neutralization potential data (ppt CaCO 3 ). Ca + Mg + Fe was not possible because chlorite, a Mg-rich mineral, is a major mineral in the shale and iron is associated with many sources including pyrite. Thus, the use of alkalinity and sulfate as described above.
The total amount of sulfur in each column was calculated using the percent sulfur data using the same method described above for CaCO 3 . The amount of sulfur oxidized per week was determined from sulfate. Sulfate is two-thirds oxygen and one-third sulfur by weight. Thus, sulfate divided by three will give mg/L sulfur. As in the equation above, the grams of sulfur were multiplied by the liters of leach water drained from the columns each week.
The total weight of CaCO 3 or S per week was divided by the total mass of CaCO 3 and S available in each column. This normalized the data and gave a percentage of the total mass of CaCO 3 or S per week. These weekly masses (in percent) were added to get a cumulative percent. Table 4 shows the last three weeks of leaching data. Three weeks worth of data is shown because column leaching times varied from 12 to 14 weeks. In all instances, after 12 to 14 weeks, less than 2 percent of the calcium carbonate had weathered, but four to five percent of the sulfur had weathered. The weekly data were then plotted to determine the type of function (equation for a line) that best fit the data. Fig. 7 and 8 are plots of these data. Table 5 
Predictive Capabilities
The fitting of a function through the data allows prediction of results into the future. Fig 7 shows power function best-fit lines extended to six years. The leaching results are plotted to show how closely the data fit the projected line. The results suggest that if the sample were to be leached for 6 years the rate of pyrite oxidation would continue to be greater than that of carbonate dissolution. Considering the fact that the water remained alkaline throughout the test period, which had the highest rates of pyrite oxidation (steepest part of curve), this sample can be expected to produce alkaline drainage long into the future. In fact, the pyrite should be exhausted prior to calcite exhaustion. Presuming that the rates do not change, at the end of six years 16 to 20% of the pyrite would be consumed, whereas only 6 to 8% of the carbonate would be consumed. Rates are predicted to 6 years.
Example best-fit equations are presented in equations (5) The data were also evaluated to determine whether calcite or gypsum were at saturation. The columns that had CO 2 enriched air bubbled through them during the period of water saturation were typically at saturation with calcite. By contrast, the humidity cells were often undersaturated with respect to calcite. The columns that used CO 2 water during the water saturation period were generally at or above saturation with calcite. The columns of Lab G had lower saturation indices for this later group than did Lab M. Only a handful of samples were ever near or at saturation with respect to gypsum, and this only in the columns and never in the humidity cells. Saturation or near saturation with gypsum also only occurred during the early weeks when pyrite oxidation and sulfate weathering products dissolution rates were the greatest.
The saturation indices are provided in Appendix A at the end of this paper.
Saturation indices for calcite (Appendix A) give an indication as to whether or not the water in the column reached saturation with respect to calcite. The oversaturation in most instances is an artifact of CO 2 degassing during sample collection (see Hornberger et al., 2003 for detailed explanation) . With the exception of Humidity Cell results for Lab G, most column waters were near or at saturation with calcite. As discussed earlier, calcite dissolution is not limited to just the solubility of calcite. Calcite also dissolves in response to acid generated by pyrite oxidation.
Thus, the total amount of calcite dissolved is a function of calcite dissolved to neutralize acid plus calcite that dissolves in solution up to the point of saturation.
The water is almost always undersaturated with respect to gypsum throughout the tests at both Labs G and M (Appendix A). The only exceptions were early in some of the leaching tests, where in some instances during weeks one through three gypsum was at or near saturation.
Saturation during the early weeks may be due to the initial high pyrite oxidation rates combined with continued flushing of accumulated pyrite weathering products. After this initial period, however, gypsum was always undersaturated. Undersaturation of gypsum provides confidence that sulfate is in fact conservative and can be used as a proxy for pyrite oxidation rates.
Gas Composition
The goal of this study was to leach calcareous rocks at Pco 2 concentrations similar to those seen on mine sites. The target Pco 2 was 10%. To test whether or not the rocks were weathering at this target concentration, Pco 2 was calculated based on pH, alkalinity, calcium concentration and temperature. Calcium and alkalinity were assumed to be conservative. Equilibrium computations were performed on a spreadsheet developed by C.A. Cravotta III (USGS, personal communication; see Hornberger et al., 2003 for details on the method). 
The columns were generally at or greater than 10% CO 2 , with the continuous flow columns having the highest values. The humidity cells were consistently less than 10% CO 2 . 
Comparison of Leaching Data to the Real World
The leaching test is being developed as a mine drainage prediction tool. For any predictive method to be useful it must be able to predict field conditions. Sulfur is typically 2.5 to 3%, whereas in the fresh refuse used for this study the sulfur is 6.6 to 7.7%. The lower sulfur in the Leachburg refuse is probably due to weathering losses and less efficient mining and coal preparation decades ago (i.e., more dilution with low sulfur rock), as compared to today. The Brush Creek mine would disturb more rocks than just the Brush Creek shale. Even with these limitations, the leaching data is typically a factor of two or less compared to the field data. 
